observations, mad at phase angles of 1.2 0 to 8 0 , are indicated by solid lines. Each curve was determined by deriving the best curve through the observed data points and fitting this curve between c(= 12 0 and 160 (depending upon the wavelength) to the known linear phase function reported for Q< N 100 (de Vaucouleurs, 1964) . Note that the magnitude scales for the U and B curves at the top of Fig. 1 are compressed by a factor of two compared to the other colors shown; the opposition effect for U and B is therefore greater than a first glance at these pleats suggests.
In Fig. 2 vie plot the reflectivities from Fig. 1, as adjusted for the color of the sun, on a single continuous scale. On the right side of the figure, reflectivity p is shoir ni on a logarithmic scale; its equivalent magnitude, given by m = -2.5 log l0^, is shown on the is much more pronounced at :shorter wavelerigrths than at longer wavelengths, as evidenced by the fact that the, U and N observations depart nuch more from the linear uxtrapolation than do the curves at R and I. The reflectivity , , or albedo, on the ,-)ther hand, is rrwch greater at longer wavelengtns than at shorter ones. In addition, calculations were made for highly absorbing materials, stich As limonite.
When unpolarized light of intensity k, is incident upon a spherical aerosol particle of radius a, the intensity I of the radiation scattered in the direction & and at a distance r from wavelength of incident light in the Gurrounding medium.
Here it and -12 are the dimensionless intensity functions given by the Mie theory as described by van de Hulst . (1957, p. 35) • Vote that the.
particle radius a and the wavelength A enter these intensity functions only -,through the size paranieter x.
Calculations were made for aerosols with n between 1.20 and 2.li0 with no absorption (k = 0), small absorption (k = 0.01 and 0.03) and large absorption (k t 0.1). however, the current study liar, been restricted to submicron particles.
Phase angles as large as 600 have been considered, although the maximum phase angle at which ;:ars is observable from earth is -470
Since the O'Leary-hea observations begin to depart From linearity in the U and B at around 15 0 phase angle (cf. g. 1), the calc^ilated scattering intensities were normalized by dividing each value by the average intens ty at phase angles from 12 0 -18 0 . These intensity ratios, converted to a ma.,:n:tude scale, are shovm schematically in Fig. 3 , for n 1.35 with no absorpt Lon, using the code given in Table I1 . The size parameter x is given in the first column on the left. The radius scales corresponding to the wave- .ter_ng ln!ens-_ tv fro^; 12 0 to 150 phase angle for that size 00 00 00 such as for 00<--(< 80 and 7< x < 10) show: that the scattering intensity is at least 1 1 . 11 25 or more fainter than the average scattering intensity from 12 0 -1800
The usefulness of this display lies in allowing us to observe how the scattering intensity for a given particle radius -end wavelength varies with phase angle, and thus to see what particle sizes
show an increase in intensity, or brightness, near small phase angles, and which do not. As noted earlier, the Martian opposition effect is observed to depart from linearity around 15 0 phase angle in the U and B; therefore, we will be looking for particle sizes which give an enhancement at small angles---that is, lots of vertical lines near 0 0 phase angle.
It' we consider for the moment only submicron particles, and if we look in Fig. 3 for the radii which, will wive a brightness increase at small phase angles, we see a small enhancement by particles in the U having radii between about 0.2 and 0.35 micron. (This would correspond to 0.3 and 0.5 micron particles in the V,and 0.4 to 0.7 micron radii in I). This is only about 4 magnitude brighter than the average intensity around 15 0 , as indicated b,-, ,r the low density of vertical lines (cf. wave.] ength. They obtai ned a value of n =1.455 at A -0.6/4-., the shortest wavelength at which their measurements were reported; however, the slope of their curve at this point suggests that the index might be increasing toward shorter wavelengths. Egan and Spaf,nc; 7_o (1969) have suggested that the discrepancy in these measurements may be due to the difference in temperature (and therefore density) of the 4 gives a similar plot of scattering intensities for a highly absorbing material, limonite, using the complex retractive index in the ultraviolet as measured by Egan and Becker (1969) . Here there is almost no change in scattering intensity with phase angle for a given particle radius. Thas aerosols of limonite, or of any other highly absorbing s-,;bstance, could not produce an opposition effect. Similar results were found for all absorbing refractive indices where k>_0.1.
Wig " 5 shows scatterin.p intensities for n_ = 1.55. Here the different picture looks consider,-^bly/from either of the previous displays.
There is a strong-continuous enhancement from 0° -lo o phase angle, with very small contributions at larger phase angles, for radii in the U ranging from around 0.2 to 0.7 micron. Ne can see that this same particle size r Inge could show a smaller enhancement in the 7 and much 1 , :^ss in the I.
Indications of an even more significant opposition effect are exhibited by calculations for aerosols having refractive index 1.75, as shown in Fib. 6. This display is typical for real indices of refraction from 1.60 to 2.00. From 2.00 to 2.10 the effect gradually This expression has been evaluated for various indiceF of refraction and particle size distributions, and plotted in terms of magnitudes, as sh(n%n in Fib;. 6-10. Only a relative magnitude scale is given on these plots, because the aosolute mai-nitude depends on the , totzril aerosol number density, which is a free parameter in our calculaticn.
The nerma.lizaticn vtitich was made for the single particle schematic displays in Fiv. 3-6 has not been used in these calculations of integrated intensity. are displayed for five wavelengths and twu particle si 7.e distributions as a function of phase angle. Frorl Pig. 3 9 the single-particle display for n = 1.35, we recall that only a few very small particles showed a elight upposition enhancement, whereas particles of A little larger size showed an enhancement at larger phase Angler. This behavior is reflected in the results obtained with Distribution F-1 of Fig. 8 .
'JVhen larger particles are weighted more heavily, as vrith Uistribution G.6, the brightness curves peak at phase Anrlrs greater thrin 10 0 , A,^, could be expected from examining the contributions from single particl:^.s.
Thus it appears that aerosols of refractive index 1.35 carrot produce the reqi1ired opposition effect. Other distributions of largersize particles were also incapable of simulating the observations.
The same was generally true for all real refractive indices from 1.20 to 1.50. Fig. 9 shows the integrated intensities for n = 1.55. The same negative exponential and skewed gaussian-type distributions hove been used here as in Fig. 8 . As suggested by the single-particle display, there is a definite increase in the integrated intensity for both distributions from around lo o phrase angle.
An even more impressive example of an opposition effect is seen in Fig. 10 , where n = 1.75. The increase in intensity from 150 to 00 in the U for L'istribution G.4 is about 21 .b, or about a factor of 6.
IV. Model of Surface Plus Aerosols and Comparison with Observations
Having fount that refractive indices of 1.55 or greater could produce a significant enhancer*:nt in intensity at small phase angles, we next generated a model consisting of a surfce brightness function plus a brightnes:; contribution by atmospheric aerosols. At longer wavelengths, where the i ► lartian albedo is higher and where surface nLa.rki^;s are more clearly visible, it is rNasonable to assume that the observed brightness comes almost entirely from the surface and that the brightness contribution by aerosols is negligible. As suggested by de Vaucouleurs (1968), we took the lunar . hotometric function developNd by Hapke (1963) and modified it to fit the observed Martian brightness-phase curve at these longer wavelengths. We then assumed that the phase curve for the surface would have the same shape (when plotted on a magnitude sc!+le) in all colors; only the albedo would change. This mean*. that in this model, the surface brightness would increase by 30% from 160 to 0 phase angle at all wavelengths.
These assumed surface functions are shown as the thin lower curves for I, V, B and U in Fig-11 (H has been omitted for simplicity) .
The effect cf the aerosols was then introduced. The upper heavy solid curves in Fig. 11 represent the calculated brightness of surface plus aerosols for retractive index 1.. '75 and a skewed gaussian-type particle distribution peaked at 0.L micron (distribution G.lk) (cf. Fig. 10 ). At shorter wavelengths, where the albedo and surface contrast are greatly reduced, the atmospheric aerosols are seen to play a significant role.
The cal pulated phase curves are in reasonable ngreement with the observations, sho yet ns dashed lines. One should bear in mind, however, that there w.js a good deal of arbitrariness in obtaining this fit. It is by no menns a uniyuP solution to the problem. It does show, nonetheless, that the presence of a small amount of atmospheric aerosols, with the proper index of retraction, could provide the observed increased opposition effect for '.gars in the ultraviolet, where the albedo is very low, but at the same time make a negligiale contribution in the infrrired, where the surface albedo is high. Table III shows the reflectivities of the surface (p_^) ana the aerosols ( P,ir ) for U, V and I -A phase angles 0o and 3.6", and the ratio of the aerosol brightness to the Serface brightness, ns obtained from this inodel. Note that P,ar/ps reaches a maximum of 0.69 in the ultraviolet at opposition, but falls off ra p idly both w-itli increasi ni rf wavelength and increasing phase angle. Since Par is always less than 3% in this model, the atmosphere is optically thin at all wavelengths, and the assumption of single sc;ittering is justi Pied.
The reflectivities in Fig. 1 1 2, and 11 and Table III leave to the observer. From Eq. (2) and (3) we com puted that a columnar particle density of 0.9 x 10 6 aerosol particle--/cm2 was required to 0 give the reflectivities of the aerosol layer shown in Table III .
Assuminr an average particle radius a = 0.4,i,c (cf. Dist. G.h, rig. 7)
with a densit y of 2.5 inr./em3 1 a value typical of serr.i-tra.nsoarent minerals (see n--, xt section), we find that the number of aerosols required in the above model corresponds to a columnar mass of 7 x 10-7 gm/cm 2 .
This number can be compareu with the columnar mass of the gaseous atmosphere on Lars, which is 19 grr,, / c1n2 for a surface pre,-sure of 7 mb.
The mass ratio of aerosol: to gaseous atmosphere fir cur model is therefore 4 x 10 -8 , -s demonstrating that only a very small amount of aerosuls is needed to produce the observed opposition effect.
The only results of cur model which are shown here (cf. ^^^. 11
and Table III ) are those for aerosols with refract,ve index 1.75.
however, a rea:orable fit to the obsen . rational data was also obtained 'Pith atmospheric particles of refr;3ctive index 1.55, and could probably be obtained with any real index between 1.55 and 1.75. Such a fit was not found for aerosols having refractive index of 1.50 or less.
V. Sources of Martian Atmospheric Aerosols
Several sources can account for the pres:;nce of aerosols in a planetary atmosphere: 1) in situ particle formation through condensation, photochemical reactions, and coagulation of the gaseous atmospheric constituents, 2) influx of meteoric particles, and 3) upsweeping o' dust from the surface of the planet. measurements taken at 58°S in daytime and 38 0 14 at night also show that CO 2 condensation is possible at altitudes above about 25 km (Kliore et al, 1969) . Condensation of CO 2 is predicted for atmospheric temperatures below 150°K. The only available refractive indices for solid CO` at A C 0.6/c, as pointed out earlier, were made at T = 195°K (Egan and Spagnolo, 1969) . Should the refractive index be significantly higher at T < 150 0 K, the above conclusions with regard to solid CO 2 aerosols would need revision. It is highly desirable, therefore, to have additional measurements of the refractive index of solid CO 2 at T < 150 0 K, j1 < 0.6,u. Current estimates of the concentration of CO 2 on Mars range from 60 'o 100 percent (Kliore et al, 1969) ; therefore, the role of other gaseous atmos pheric constituents shoi;ld not be ignored As possible sources of atmospheric aerosols.
2. Since Mars is located near the asteroid belt and also since photographs of its surface by a'Aariner: 4, 6 9 and 7 show wtist appears to be evidence of extensive meteoritic bombardment, meteoric 
VI. Summary and Conclusions
The Mie theory was used to compute the light scattered by spherical aerosol particles sus pended in the Martian atmosphere to determine if atmospheric aerosols can produce the observed Martian opposition effect. This affect is more pronounced in the ultraviolet than in the infrared.
Firsts `,he scattf-ring by individual submicron particles of refractive indices n ranging from 1.20 to 2.40 w.-+s examined to see which indices show a sig:ificant increase in brightness at phase angles ti 10 0 . Neither indices of 1.50 or less, which include ice, water, anc solid CO 2 , nor highly absorbii.g indices, such as that for limonite, g p ve res^llts characteristic of the opposition effect.
Indices of 1.55 and greater with little or no absorption, on the other hand, did show increased reflectivity at small phase angles with insigificant contributjons at larger phase angles.
Next, we applied several submicron particle size distributions he scattering by individual particles in order tc obtain integrated intensities. As anticipated from the calculations for individual particles, these intef-ratted intensities also shoired that only refractive indices greater than 1.50 exhibit a, definite increase in brightness at small phase angles without significant enhancements at larger phase angles.
The third step was to generate a model consisting of a surface photometric function plus an aerosol 1;'ra ghtness contribution. The surface function was chosen to have the same shape at all wavelengths; only the albedo differed, according to the observed wavelengthdependence of the h:artian albedo observations. Models having; aerosols with n 1.55 and 1.75 both fit reasonably well with the observational data: the aerosol brightness contribution provided a significant enhancement at small phase angles in the ultraviolet, where the albedo is low, and yet at the same time made a negligible contribution in the infrared, where the surface albedo is high. A similar fit would probably be obtained with ary real index between 1.55 and 1.75.
Although the fitting of the model was scmewhnt arbitrary and by no means a unique solution to the problem, it did show that the observed opposition effect can be produced by atmospheric aerosols with the proper index of refraction. In this model., a c;oluranar density of 0.9 x 106 aerosols/cm 2 with average particle radius of O.L /t gave the required aerosol contribution to the total reflectivity.
Assuming a density of 2.5 girVcm3 , this corresponds to a mass ratio of aerosols to gaseous atmosphere (for a :'artian surface pressure of 7 nib) of 4 x 10 -8 0 This indicates that only a eery small amount of aerosols is needed to produce the observed opposition effect.
Finally, a number of possible sources of planetary atmospheric aerosols were considered: in situ particle formation from gaseous atmospheric constituents; influx of meteoric particles; and upsweeping of dust from the surface of the planet. Refractive indices of re-ore-
